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Optical-to-microwave frequency conversion with Rydberg excitons
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A copper-based plasmonic system is presented to provide optical-to-microwave photon conversion. The
process uses highly excited levels in Cu,O Rydberg excitons and takes advantage of spoof plasmons, which
allow for significant enhancement of the transition probability between specific excitonic energy levels. The
theoretical results are verified with numerical simulations. The proposed system is very flexible, allowing for

emission of microwave wavelengths from 0.1 to 10 mm.
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I. INTRODUCTION

The process of optical frequency conversion provides a
fundamental and important approach to modify light in the
frequency domain. Possibilities of manipulating the frequency
without changing the information of other degrees of freedom
of light will enable one to establish an interface between
various optical systems operating in different frequency re-
gions and have many classical and quantum applications
[1,2]. Photons play an important role in quantum informa-
tion science because they are excellent carriers of quantum
information. A variety of quantum qubit systems exploiting
excitations at optical frequencies or superconducting qubits
operating at microwave frequencies have been described and
practically applied [3,4]. However, optical photons can easily
propagate over large distances, while microwave photons can
be easily controlled in relatively macroscopic circuits [1].
Hence, designing photonic transducers, an important factor
which must be considered, is an interplay between bene-
fits and disadvantages, inherent in their physical character.
Different components for a synchronic photon generation
and manipulation in practical systems cannot interact di-
rectly due to the wavelength and frequency mismatch; thus,
interfaces are needed to overcome such problems. A pho-
ton frequency interface capable of converting frequencies
and bandwidths is indispensable. Improved coupling between
optical and microwave frequencies would enhance classical
telecommunications and would be applied in distributed quan-
tum networks and quantum communication.

The first step toward many microwave applications is an
efficient conversion of energy from optical frequencies to
microwave ones. One of the techniques involves accelerating
surface charge carriers in a semiconductor with a femtosec-
ond laser [5-7], but this method results in a very short
emission time and correspondingly wide emission spectrum;
for example, an emission spectrum ranging from 0.1 to 7.5
THz is reported in Ref. [6]. This limitation also applies to
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terahertz emission from structured metallic surfaces [8] and
photoconductor-based systems [9,10]. Our proposal can oper-
ate under continuous illumination and is tied to the spectral
width of specific excitonic level transitions, which can vary
from gigahertz to megahertz [11], making them significantly
more narrowband. Another way of coupling is the use of
Rydberg states of atoms placed in a cavity [12], but this
approach demands a vacuum chamber and cryogenic cooling.
In this paper, we propose the use of the solid-state analog of
Rydberg atoms: Rydberg excitons (REs) in Cu,O interacting
with plasmons for the purpose of frequency conversion.

An exciton in a semiconductor is a quasiparticle consisting
of a conduction band electron and a valence band hole bound
by the Coulomb interaction. As a whole, it is an electrically
neutral particle with many properties similar to a hydrogen
atom. REs are the states characterized by a large principal
quantum number and share many properties with Rydberg
atoms. Excitonic states in Cu, O with principal quantum num-
bers up to n = 25 have been observed [13]. Since then, this
area of study has developed rapidly; right now, many groups
focus on exploring the properties of REs in low-dimensional
systems [14—17] and fabrication techniques of Cu,O nanos-
tructures [18,19]. Highly excited resonances in a RE Cu,O
system are very close to each other; they are separated by
several millielectronvolts, which situates these transitions in
the microwave region and allows for controlled emission of
microwaves [20]. This makes Cu,O a very promising candi-
date for solid-state microwave devices such as masers [21].
We proposed a continuous-mode solid-state maser based on
Cu,0 in which an ensemble of highly excited RE states serves
as a gain medium [21]. It was shown that the system is highly
tunable with an external electric field, allowing for a wide
range of emission frequencies within the terahertz range [11].
In contrast with these works, where a resonant cavity has
been used as a device for enhancing the probability of specific
microwave transitions, here, we focus on plasmonic structures
and plasmon-exciton interactions due to their advantages in
miniaturization and ease of fabrication [22,23]. Moreover,
we do not rely on the nonlinear properties of the system,
which is the basis of many conversion schemes [24-26]; these

©2023 American Physical Society


https://orcid.org/0000-0001-9908-2138
https://orcid.org/0000-0003-0889-2093
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.195303&domain=pdf&date_stamp=2025-03-06
https://doi.org/10.1103/PhysRevB.107.195303

ZIEMKIEWICZ AND ZIELINSKA-RACZYNSKA

PHYSICAL REVIEW B 107, 195303 (2023)

solutions tend to have relatively low efficiency, photon emis-
sion rate on the order of 10* per second [25], and need
sufficient power to take advantage of the nonlinear properties.

Plasmons are a combination of light and a collective os-
cillation of the free electron plasma at the metal-dielectric
interface. Surface plasmon polaritons (SPPs) can be described
as dual waves of charge motion in a metal and electromagnetic
(EM) waves in the surrounding medium. In general, it has
been demonstrated that one can efficiently couple plasmons
with excitons, forming so-called plexcitons [27,28], which
have been proposed as the basis of a variety of tunable devices
[29-31]. Usually, only plasmons in the infrared (IR)-visible-
ultraviolet (UV) range are considered, which are chosen to
match the energy of specific excitonic states [22]. However,
for microwave inter-excitonic transitions, one has to take
advantage of the so-called spoof plasmons [32], which are
surface EM waves in the microwave and terahertz regimes;
they propagate along planar interfaces with sign-changing
permittivities. Since surface plasmons cannot appear naturally
in microwave and terahertz frequencies due to dispersion
properties of metals, spoof surface plasmons require artifi-
cially engineered materials [33-36]. Finally, we note that a
Cu nanostructure can match the plasmon lifetime of the more
traditional materials such as silver or gold [37,38], especially
when coupled to a controlled layer of oxide [39,40]. There-
fore, the use of the Cu-Cu,O nanostructure provides multiple
advantages: Direct coupling to Cu,O excitons, low plasmonic
energy loss, and ease of fabrication [41-43]. Moreover, the
terahertz radiation can be either emitted as free space photons
with the use of the coupling structure or kept in the form of
surface plasmons, which is a particularly valuable option due
to the lack of direct SPP sources in the terahertz regime [44].

This paper is organized as follows. In the first section, the
theoretical descriptions of RE features, the Purcell effect, and
spoof plasmons are outlined. Then the possibility of enhanc-
ing specific transition probabilities is analyzed theoretically
and numerically, and the optimal system geometry is indi-
cated. In the next section, the amplification factors are used to
calculate the microwave emission power for specific excitonic
transitions and to estimate conversion efficiency. The possibil-
ity of single-photon-level emission is also discussed. Finally,
the conclusions are presented. The details of the numerical
method used for field calculations are outlined in Appendix A.

II. THEORY

A. REs and Rydberg blockade

A RE is a highly excited electron-hole pair bound by
Coulomb attraction, characterized by a principal quantum
number n > 1 for dipole-allowed P-type envelope wave func-
tions. In principle, REs have similar scaling as Rydberg atoms,
although the physical origin of these similarities in their case
is based on a complex valence band structure and different
selection rules for excitons. The dimensions of REs scale as
n? and can reach micrometers, and their lifetimes are pro-
portional to n? and can reach hundreds of nanoseconds [13].
Another exceptional characteristic is their strong interaction
with external fields due to the fact that their polarizability
scales as n’. In RE systems in copper oxide, electric dipole

transitions in the microwave frequency region (10-1000 GHz)
can be accessed with n + 1 — n transitions, for n > 8. Inter-
actions involving coupling of REs with microwaves have been
observed recently in Cu,O by Gallagher et al. [45], which
confirms that the system of copper oxide with REs is a very
promising candidate for solid-state microwave devices such as
masers [21].

A significant feature of REs is Rydberg blockade, which
results in long-range dipole-dipole and van der Waals inter-
actions between them, which can be large enough to perturb
the energy level of nearby excitons, so they no longer have
the same frequency, which prevents their excitation in the
immediate vicinity of an already existing exciton. The space
where another exciton cannot be created is described by a
so-called blockade volume, which scales extremely fast as
n’ [13]:

Va3 x 107 um? - n’. 1))

As a consequence, highly excited states very quickly reach the
saturation level when the medium is completely filled with
excitons. Thus, the light propagating through the medium is
not absorbed to create new ones. In conclusion, the maximum
number of excitons that can exist in any given volume is
strictly limited. In the system presented below, this volume
is the immediate vicinity of the proposed plasmonic structure.
As will be shown later, aside from thermal considerations, Ry-
dberg blockade is the main limiting factor on the microwave
emission power.

B. Material model and system setup

In our previous papers describing the maser on REs, we
proposed the use of a metallic cavity for enhancing the
probability of microwave transitions [21]. However, such an
approach has some limitations. The Cu,O crystal that fills
the cavity becomes inconveniently large in the case of longer
wavelengths approaching 1 mm; for such a size, it becomes
opaque for visible light, so an illuminating optical beam pen-
etrates only the surface layer of the medium, up to the depth of
a few tens of micrometers. Thus, only a small fraction of the
crystal volume is occupied by excitons, which is an important
limitation considering the large volume taken by excitons and
the resulting Rydberg blockade.

An alternative approach, which allows us to overcome this
limitation, is some sort of resonant, plasmonic structure that
is surrounded by Cu,0. A plasmonic structure capable of
sustaining microwave plasmons was proposed by Pendry et al.
[46] and had a form of thin, metallic wires. We recall that the
electron plasma frequency is given by

2
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where N is the charge carrier (electron) concentration, and
m, is the electron effective mass. For copper, the plasma
frequency hiw, A 7.4 €V, which corresponds to the ultraviolet
spectral range. However, as shown by Pendry er al. [46],
the effective mass of an electron can be greatly enhanced in
a sufficiently thin wire, resulting in decreased plasma fre-
quency. This effect can be attributed to the fact that an electron
moving in a very thin wire generates significant magnetic field
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in the limit of the wire radius r — 0, which increases the
inductance of the system. That additional inductance disturbs
the acceleration of the electron and thus increases its apparent
inertia, i.e., the effective mass, allowing for efficient coupling
to microwave frequency radiation unlike the optical frequen-
cies usually employed in plasmonics. This mechanism has
been used to facilitate negative permittivity in experimentally
demonstrated negative index metamaterials [47]. The type of
microwave surface wave used in this experiment is called a
spoof plasmon [32]. Since their discovery, the theory of spoof
plasmons has been developing rapidly [48]; many structures
have been proposed [33,34,36,49], including recent applica-
tions in sensors [50].

The amplification of the emission rate of selected tran-
sitions has been demonstrated by Purcell [51] in a system
consisting of a Rydberg atom in a resonant cavity [52]. Here,
we take advantage of this phenomenon in a very similar
context for REs. The amplification of the emission rate is
described by a Purcell factor [53]:

30 /A’
F= 2% (Z) ’ )

where Q is the quality factor, V is the effective mode volume
(for a cavity, it is the cavity volume), and A/n is the wave-
length in the medium with refraction index . In the case of a
plasmonic structure, the mode volume can be defined as [54]

V= / Py, )
max(p)
where p is the EM energy density given by [55,56]
de )
p=|e+w—)E 5
ow

The second term in parentheses ensures that the energy den-
sity is positive in media with negative €. The effective volume
V is equal to the geometrical volume taken by the field in
the case of constant field and smaller-than-geometrical vol-
ume when the field is strongly localized (like in the case of
plasmons [57]). In contrast with the case of a cavity, the inte-
gration volume in Eq. (4) is not strictly defined, but only the
space, where p (and thus the electric field) is significant, can
be considered. The quality factor of the plasmonic structure is
defined as

2 E 6
Q=2r——, (6)
where E is the total EM field energy contained in the system,
and AE is energy lost in a single period of the field oscillation.
It should be mentioned that the above definition of an
effective volume V' is only a rough approximation [2,54], and
several other approaches can be used to calculate the Purcell
factor of a plasmonic system [58,59]. A detailed calculation
of emission enhancement would demand a more sophisticated
definition of an effective volume and inclusion of some sec-
ondary factors such as surface roughness and energy shift of
excitonic levels in the vicinity of the metal-dielectric interface.
Let us consider a corrugated metal surface with multiple
grooves with the depth A, width a, and period d (Fig. 1). In
this paper, we consider periods d matched to the emission
wavelength A € (0.1-10) mm and a,d ~ A/10. The metal

Cu,O

@ i3l

FIG. 1. Schematic representation of the system.

(Cu) is characterized by permittivity €,, and the medium
inside the grooves (€g) and above them (e4) are both Cu,0.
In the considered frequency range w ~ 0.3 THz, one can
assume €, = €4 ~ 7.5, although it can vary depending on
sample quality and temperature [60]. For metal, in this fre-
quency range, one has €,, = —6218 4 90i [61]. Note that the
extremely large negative permittivity of copper means that it is
a good approximation of a perfect conductor, reflecting almost
100% of incoming radiation. The effective plasma frequency
of the system depicted in Fig. 1 is described by the formula
Wpeff = #@ [34], and thus, in contrast with Eq. (2), it be-
comes dependent on the system geometry (distance h). This
allows one to reduce the plasma frequency to the terahertz
range.

The dispersion relation, which is derived in Ref. [48], has
the form:

2 0.5
(= [edkg +(54) e tan2<kgh>] .o

8

where ky = 2x f/c is the vacuum wave vector, and

LG+ 1
ke = kO@[1 + %}

where I/, = koRe(y/—€,,) is the skin depth on the order of 30—
120 nm in the terahertz range [48]. As mentioned above, in the
microwave frequency range, copper can be treated as a perfect
conductor. In such a case, it is possible to analytically calcu-
late the field above the corrugated surface, provided that the
grooves are considerably narrower than the wavelength [33].
First, we define the effective SPP refraction index as
k.

==, 9
Tt ko 9

®)

where

n— 1= gtan(koh). (10)

€

Notably, the effective index and thus the optical properties
are dependent only on geometric parameters of the structure
(a, d, h). Thus, we have

k.= ko 1+ gtan(koh), (11)

k2 — k2. (12)

and

ky =
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FIG. 2. Normalized field amplitude (color) obtained from
Eq. (13) and finite-difference time-domain (FDTD) simulation, cal-
culated for a structure characterized by # = 120 um, a = 80 um, and
d = 500 um.

With the above values of wave vector components, one can
use Maxwell’s equations to derive the expressions describing
the EM field of the spoof plasmon, which have the following
forms [33]:

H, = Hy exp(—kx) expli(k.z — wi)],

E., = —H,, (13)
€pCc
ngg — 1
Ez = . H,,
lepc

where Hj is a constant dependent on the source amplitude.
Having the formula for the fields, we can use Eq. (5) to
calculate the energy density and then the effective volume
[Eqg. (4)] and Purcell factor given by Eq. (3).

It should be stressed that the direct effect of excitons on
the optical properties of Cu,O is negligible; the change of
permittivity due to excitonic resonance is on the order of
Ae ~ 1073, which is very small when compared with ¢, =
7.5 [22]. Therefore, the excitonic contribution can be ignored
in the calculation of the electric field distribution. The role
of excitons is to provide suitable energy levels to realize
microwave transition that is enhanced by the Purcell factor
of the cavity.

III. FIELD AMPLIFICATION WITH SPOOF PLASMONS

Figure 2 shows a comparison between the field distribution
obtained analytically from Eq. (13) and in finite-difference
time-domain (FDTD) simulation, the details of which are
described in Appendix A. The system is characterized by
groove depth 2 = 120 um, width @ = 80 um, and period d =
500 um. The operating wavelength is A ~ 1 mm. It should be
noted that Eq. (13) describes only the field above the grooved

€ |E|2 [normalized]

2 1
0.8
15
—_ 0.6
IS
£ 1
> 0.4
0.5
0.2
0

0.5 1 1.5 2 2.5 3
X [mm]

FIG. 3. Normalized energy density of the corrugated surface
structure illuminated by A = 1 mm light; the same geometry as in
Fig. 2.

surface [33], assuming that the corrugated metal layer below
is a continuous, effective medium. For this reason, while the
field in Fig. 2(a) can be extended to the region inside the
grooves, its values are not very accurate here. In fact, one can
see that the field amplitude is somewhat greater in Fig. 2(b).
However, the good match between the field distributions at
the top indicates that the numerical results are accurate. The
obtained results are also consistent with similar simulations
performed by others authors [33—35]. One can also note that,
in the theoretical distribution of the field, the metal is a perfect
conductor, with no field inside. On the other hand, in FDTD
simulation, the field enters the metal to a finite skin depth.
Due to the limited spatial resolution Ax = 10 um, one cannot
accurately measure that depth, as it is smaller than a single
unit cell.

The important property of the system is the fact that the
field is focused into deep subwavelength regions inside the
grooves. Figure 3 shows the time-averaged normalized field
energy density in the system obtained in FDTD simulation.
The concentration of energy in subwavelength spots greatly
reduces the effective mode volume given by Eq. (4); for the
discussed system, one obtains V & 0.018V,, where V, = A3
is the geometric volume of the cavity. This result is com-
parable with the V = 0.015V, reported in Ref. [62] for a
metal-dielectric-metal system. For further comparison, an ef-
fective volume of 0.01V, is obtained in plasmonic particles
[54] and up to 107 in a bow-tie antenna [63]. Overall, the
grooved surface (also known as a nanoslit cavity) offers very
small mode volume and relatively high Q factor as compared
with other plasmonic structures [64].

The Q factor is strongly dependent on the geometry details;
usually, it is on the order of 10? [50,62], but with the introduc-
tion of defects in the form of single shorter/longer grooves,
it can reach 10° [34]. Moreover, at microwave frequencies,
it is relatively straightforward to introduce gain to the sys-
tem, increasing the Q factor to 10° [65]. For the simulated
structure shown in Fig. 2, the Q factor has been estimated at
Q = 124. While the Q factor is considerably lower than in
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regular cavities, the low mode volume still allows for a large
Purcell factor [53].

With this in mind, we can calculate the Purcell factor
from Eq. (3), obtaining F ~ 530. Again, the result is consis-
tent with Purcell factors obtained in the visible spectrum of
plasmonic structures; in Ref. [54], F ~ 102-10° is reported
in nanospheres depending on sphere diameter. The value of
F = 2000 is demonstrated for Ag nanocubes [66]. Maier
[62] reported F ~ 3400 for the optical spectrum, mention-
ing that, for far infrared wavelengths, values exceeding 10*
are possible. For metamaterial-dielectric interfaces, similar
conclusions are reported [67]. For the microwave frequency
range, an analysis of the Purcell factor of a thin-wire-type
plasmonic material yields F ~ 10’103 and up to 10° for
radio frequencies [59].

To investigate the potential of the corrugated metallic sur-
face to improve the probability of microwave transitions,
one first needs to optimize its geometry. Again, we consider
the structure from Fig. 1 and perform FDTD simulations to
obtain the EM field distribution. The simulations are two-
dimensional, which implies that the system is large (longer
than wavelength) in the y axis. However, as noted in Ref. [36],
the properties of spoof plasmons on such a structure depend
very weakly on the thickness in the y axis, so that the re-
sults are applicable even to 10-nm-thin films. This will be an
important point later when Rydberg blockade is discussed.
Moreover, we set the structure period fixed at d = 1 mm,
which is equal to the operating wavelength. In simulations,
this value provided the best results regardless of other system
dimensions; the match to the wavelength facilitates the for-
mation of strong standing-wave-type plasmons with high field
intensity. The Purcell factor F and the structure Q factor as a
function of the groove depth 4 and width a are shown in Fig. 4.
One can see in Fig. 4(a) that the system has several distinct
regimes of operation; in the limit of a very narrow groove,
the field inside is highly focused, resulting in a small effec-
tive volume and considerable Purcell factor. Then a second
local maximum occurs at a ~ 0.2 A. As will be shown later,
depending on the groove height 4, this maximum is located
at 0.2-0.3 A and in general corresponds to the system where
the groove acts as a quarter-wave cavity. Finally, a third, small
maximum can be seen at a ~ 0.5 A, which again facilitates the
formation of standing waves.

The quality factor of the structure is approximately Q ~
100 and shows relatively little variation with a, with the
exception of a very narrow grooves. However, from the sim-
ulation results, it is inconclusive if the increase of Q is the
feature of a narrow-gap SPP or the result of weaker coupling
of the free space field to the plasmons; the stray waves that
freely propagate through Cu,O above the corrugated surface
are very weakly attenuated, and as such, they spuriously in-
crease the estimated Q factor calculated from the propagation
length. We stress that the value Q serves only as a general
estimation and is affected by many factors such as surface
roughness that are omitted here.

The dependence of F on the groove height shown in
Fig. 4(b) exhibits one large local maximum at 7 = 0.25 A.
As noticed in Ref. [48], this is the expected result; the most
efficient focusing of the field occurs when the grooves act as
quarter-wave antennas. Interestingly, the Q factor exhibits a
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FIG. 4. Purcell factor F and Q factor of the structure as a func-
tion of (a) width a and (b) depth A. Structure is illuminated by
A = 1 mm light.

local drop at this point. As noted in Ref. [35], well-defined
SPPs are only possible when & > d /2. In our case, when d =
A/2, the limit is & > A /4, which is exactly the point where the
drop in the Q factor occurs. This means that, as 4 increases,
the system transitions from a mix of surface plasmons and free
propagating waves to one where the energy is located mostly
in surface plasmons. As a result, the propagation distance is
shortened, and the Q factor is reduced.

The optimization performed over the full parameter space
of a and h is shown in Fig. 5. The main feature of the
figure is a wide maximum that corresponds to & = 0.25 A for
most values of a and approaches # = 0.2 A for a — 0. As
mentioned above, in general, the Purcell factor reaches the
maximum value for 7 = 0.25 A. However, for very narrow
grooves, the maximum shifts toward 7 = 0.2 A due to the
fact that the wave vector k, given by the dispersion relation
given in Eq. (11) differs considerably from the free space wave
vector ko in the limit if @ — 0. In such a case, the wavelength
is no longer equal to the nominal value of 1 mm, and so the
system is detuned from the chosen microwave transition.

The system geometry determines the upper limit of the
emission power. For example, with A =1 mm, & = 0.254,
and a = 0.2A, the total geometrical volume of the cavity
is Vg=5x 107 p,m3. Assuming that we use, for example,
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FIG. 5. Purcell factor F of the structure as a function of a and A,
A =1mm.

n = 10 excitonic level, from Eq. (1), one has V, = 3 um3, and
thus, the number of excitons in the cavity is N ~ 3 x 109,
This number, in conjunction with the Purcell effect-boosted
emission rate, allows one to estimate the number of emitted
photons.

IV. ENHANCED MICROWAVE EMISSION

With the results presented in the last section, we can
conclude that the Purcell factor F ~ 10° is possible in the
discussed system. Now we can investigate how such an en-
hancement affects the exciton population dynamics in Cu,O.
To perform such a consideration, let us assume that the sys-
tem is illuminated by a light beam with frequency matched
to the energy of an n = 8 exciton (2170.6 meV, 571 nm).
The light intensity is sufficient to saturate the system, i.e.,
create the exciton density that approaches the limit imposed
by Rydberg blockade; a single n = 8§ exciton is character-
ized by a blockade volume V3 ~ 0.63 um?, and so the upper
limit of the exciton density iS Np,x = 1.6 X 10'2 cm—3. The
wavelength for transition n = 8 — n = 6 of Agg &~ 1.06 mm
is a close match to the idealized 1-mm wavelength discussed
earlier. The point of interest is the transition rate ygs and how
it compares with the most probable transition of the n = 8
exciton back to the ground state, described by y3 &~ 12.3 GHz,
hyg ~ 25 ueV [13,21]. The rates are calculated on the basis of
the overlap of hydrogenlike wave functions of n =8 and 6
states, as described in Refs. [11,21] and in Appendix A. Here,
they result in ygs ~ 9.8 kHz. The lower-state relaxation rate
is Y6 &~ 24.2 GHz, hyg = 36.7 ueV. The results for a system
with h = 0.25 A are shown in Fig. 6(a). As expected, in
the limit of a narrow groove, the large Purcell factor results
in the highest transition rate yg¢. In this regime, the fraction
¥36/ vs approaches 1% which means that, on average, for every
100 decaying n = 8 excitons, one of them will return to the
ground state through the intermediate state n = 6, emitting
a microwave photon in the process. However, the emission
power is proportional to the number of created excitons
N ~ % and thus, it is relatively small in the case of a very
narrow cavity with small volume V,. Like in the earlier result

%
1%
=
(o)
o
10-4 L L L L /‘O—'\Z
0 0.1 0.2 0.3 0.4 0.5
(a) a/A
102 10
1071¢
107" Q;_)
[e]
o
10712
: : : ‘ 107"
0 0.1 0.2 0.3 0.4 0.5

(b) h/\

FIG. 6. The ratio of the transition rates ygs/ys and the microwave
emission power as a function of (a) a and (b) ~; A = 1 mm.

in Fig. 4, the optimal operating point for power is the local
maximum of the Purcell factor at a ~ 0.2 A [Fig. 6(a)]. A
similar optimization can be performed for the parameter .
In this case, h = 1 /4 is a global maximum for both power and
transition rate [Fig. 6(b)]. This general characteristic is main-
tained in systems with different combinations of excitonic
states. A full overview is presented in Fig. 7. The calculations
have been performed for pairs of all states [ny, ny], n; > np up
to n; = 25. The emission power is given by

P =thn1,n2yn1,n2Fv (14)

where N is the average number of excitons inside the groove.
The aim is to illustrate some general tendencies and orders of
magnitude, and thus, the quality factor is set to Q = 100, and
the Purcell factor is assumed to be F = 10*. The plasmonic
system is characterized by a = 0.2 A, ,, and & = 0.254,, ,,.
A more thorough analysis of any particular state combina-
tion would warrant full geometry optimization for the given
transition wavelength A, ,,. The illuminating optical beam
is assumed to be strong enough to saturate the system with
excitons up to the limit imposed by Rydberg blockade. One
can notice that the emission wavelength in Fig. 7 is the most
dependent on the choice of the lower excitonic level, with
much smaller contribution from the upper level. This is a
direct consequence of the energy spacing of excitonic levels
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100

Power [W]

1072 10° 102

FIG. 7. The maximum microwave emission power as a function
of wavelength; excitonic state combinations [n, n,]; in each system,
a=02xh=0.25xand d = 0.5\.

8E ~n~'. The power decreases very quickly with n due
to several factors; the number of excitons in the system is
inversely proportional to blockade volume of the excitons
created by the optical field, which scales as nz Moreover, the
longer wavelength photons have smaller energy, which intro-
duces another scaling factor ~A 'nZ. The peak power is 102
W; however, it should be noted that the conversion efficiency
is on the order of 1072, and the ratio of optical photon to
microwave photon energy is ~10°; so overall, the maximum
predicted power output would demand P ~ 10° W of optical
power, which could only be feasibly realized in pulsed opera-
tion. In general, the obtained power and efficiency figures are
superior to approaches using nonlinear processes and com-
parable with the recently proposed plasmon-coupled surface
state device [68]. The highest obtained power corresponds to
the photon emission rate in excess of 10'® per second.

One interesting possibility is to take advantage of the large
blockade volume of excitons characterized by large princi-
pal quantum number n to facilitate single photon emission.
Khazali et al. [69] proposed a system where only a single
exciton could fit inside a Cu,O nanocrystal, which resulted
in the emission of a single photon when it decayed. Here, we
propose a microwave analog of this system by using extremely
narrow grooves. Specifically, let us consider a system charac-
terized by h = A/4 and @ < 5 um. The thickness of the system
on the y axis is b = 10 um. The excited state is n = 20, and the
system is matched to the transition n = 20 — n = 8, which
is characterized by a wavelength A =~ 0.98 mm. The results
are shown in Fig. 8. Due to the large dipole moment of the
n =20 — n = 8§ transition and longer lifetime of the n = 20
exciton, the ratio ya0.8/y20 is slightly larger than in the last
system, reaching peak efficiency of 1.7% for a = 2 um. As
mentioned in Ref. [48], the capability of the system to focus
the EM field is limited by the skin depth of the metal, which in
the terahertz range is on the order of 120 nm. One can see that,
in this particular example, the transition rate sharply decreases
when a < 500 nm (dashed line), which is four times the skin
depth. At the point of peak efficiency, the average number of
excitons that fit inside the groove is on the order of 10. It

xcitons

20,8/ 20

102 ; : : : 109
1 2 3 4 5

a [pm]

FIG. 8. The ratio of the transition rates y» s/¥20 and the number
of excitons inside a single groove as a function of a.

should be mentioned that, since the exciton size is comparable
with the groove width a, a more thorough analysis involving
confined excitonic states [16,17] and their interaction with
metallic surfaces [70] would be needed to fully describe the
system. Nevertheless, it is clear that, with sufficient reduction
of the groove width, one can easily fabricate a system where a
single exciton serves as a source of single microwave photons.

V. CONCLUSIONS

We have proposed a copper-based plasmonic system that
facilitates microwave-to-optical frequency conversion with
the use of excitonic states in Cu,O. The described scheme
takes advantage of the capability of surface plasmons to
amplify and focus the field in subwavelength areas, which
facilitates the enhancement of transition probabilities with the
Purcell effect. We focus on the microwave frequency tran-
sitions between highly excited levels of REs in Cu,O. It is
shown that, with proper geometry, one can use the so-called
spoof plasmons to reduce the plasmon frequency to the mi-
crowave range, allowing for efficient plasmon-RE coupling.
With optimal geometry, the amplification of the probability of
specific microwave transitions is on the order of 103, with val-
ues up to 10° being feasible. This, in turn, provides relatively
large conversion efficiency of > 1% [2]. Finally, the possibility
of single-photon emission with the use of Rydberg blockade
is investigated. The system geometry (corrugated surface) and
materials (copper and copper oxide) are characterized by low
cost and ease of fabrication, and due to the large number of
available excitonic levels, one can choose transitions within a
large range of wavelengths (0.1-10 mm) [21].
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APPENDIX A: FDTD METHOD

For numerical calculations of the field distribution around
the plasmonic structure, we use the FDTD method [71], which
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is based directly on Maxwell’s equations and provides high
flexibility and accuracy in modeling the propagation of EM
waves. To reduce computational demands, we assume that
the system is two-dimensional, e.g., the system depicted in
Fig. 1 is much larger than the wavelength on the y axis. The
computation domain is divided by a rectangular grid with a
single cell size Ax = 10 um, and the EM field components
corresponding to waves propagating on the xz plane (E =
[E, 0, E,] and H= [0, Hy, O]) are calculated with evolution
formulas derived from Maxwell’s equations. Specifically,

0H, 1 (JE, OE,
oo (X)) (A1)
dt Mo \ 0z ax
oE, 1 (0H, 0P, .
== _ , A2
ot eo< 0z ot +Jx) (A2)
E, 1 (0E, OP, .
= - = , A3
ot eo< 0z ot t (A3)

where j,,j, are components of current density, €y, @y are
the vacuum permittivity and permeability, respectively, and P
is medium polarization. The above equations are discretized
with a fixed time step At and rearranged to obtain time deriva-
tives of the E,, E;, and H, fields, which are used to calculate
next field values from current ones iteratively. In the calcula-
tions, a unit normalization is used so that ¢ = uo =c =1,
A, =1, and At = 0.5. The time and spatial step satisfy the
Courant stability criterion [72]:

cAt 1

— < —.

Ax 2
For the considered system, the wavelength A = 1 mm is equal
to 100 spatial steps, and thus, the numerical frequency is

(A4)

2
w= 25 ~0.063.
Iy

(AS)
The dispersive properties of media are included with the
use of an auxiliary differential equation (ADE) approach [73],
where the time evolution of polarization vector P = [P, 0, P,]
is described by a second-order partial differential equation:
6Of J E,

P+T;P+w = (A6)

€0

with a constant permittivity €., and a set of fitted oscillator
terms j =1,2,3... characterized by oscillator strength f;,
damping I';, and resonant frequency w;. For the example of
the system considered here, the surface plasmon is generated
by a monochromatic wave, and thus, it has a relatively narrow
spectrum. In such a case, the dispersion of copper oxide is
negligible, and thus, it can be characterized by a constant
€00 = 71.5. For copper, we use the Drude model described
by Eq. (A6), with a single oscillatory term characterized by
f1 =24.6875, ') = 0.000916, and w; = 0. In the frequency
domain, the copper permittivity is given by

fi

€ =1- ——.
(@) o? +ilow

(A7)

For the above-mentioned frequency w = 0.063, one obtains
€(w) = —6218 + 90i, which is consistent with Ref. [61].

The calculation is performed for a system depicted in
Fig. 2, with numerical grid size of 400 x 200 points (4 and
2 mm, respectively). A line source of radiation (a single point
on the xz plane) is used to excite surface plasmons. After
steady plasmon field amplitude is reached, the source is turned
off. Then the energy density is calculated according to Eq. (5).
The decay of total field energy in time is used to estimate the
Q factor of the system.

APPENDIX B: EXCITONIC INTERLEVEL
TRANSITION RATES

To calculate the probability of transition between two se-
lected excitonic levels n, — n;, we recall that the change of
the density of excitons 7, is given by

amn
ot

where y»; is the interlevel transition rate, p is EM field density
[Eq. (5)], Az is the Einstein coefficient of spontaneous emis-
sion, and Bjy; is the coefficient of stimulated emission. They
are given by [74]

= —yun2 = —(A21 + Ba1p)n2, (B1)

203
Ay = 2 |d ’F,
36()}716 (B2)
b
By = ——|da |*F,
21 360ﬁ2| 211

where d;; is the transition dipole operator, and F' is the Purcell
factor. The REs are characterized by a hydrogenlike wave
function:

V(. 0,¢)=R(@)Yu0, ), (B3)

where Y}, are spherical harmonics, and R(r) is the radial part.
The dipole moment is given by

doy = (Yyler|¥i) = / Yreryid’r. (B4)

For the radiative transitions n,P — n;S, Al =1, and m =0,
the angular part of the above expression is a constant [75]:

. : 1
/Ylft71lez’771 sin 9d9d¢ = %a (BS)

and the radial part:

Rif = 4n / Ry (MR, 1 (r)rdr, (B6)

can be calculated numerically. In general, it is strongly depen-
dent on the principal quantum number [11]. For the exciton
transition to the ground state, we can use established, experi-
mentally measured values [13], which can be described by an
expression:

1 +0.01n?

Vn = 24 meV 3
n

, (B7)
while interlevel transition rates y;, are given by Eq. (B1). In
summary, to calculate the emission rate, one needs to calculate
the above-mentioned dipole moment, the Purcell coefficient as
outlined in Eq. (3), and estimate the exciton density 7,. As a
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first step, one can assume that the system is saturated up to the
level allowed by Rydberg blockade and thus use

1

n =,

7 (B8)

where Vj, = 3 x 1077 um? - n’ is the blockade volume [13] of
the exciton with principal quantum number n. It should be
stressed that this value represents an upper limit; in prac-
tice, some of the volume will be taken by excitons n; and
other excitonic states involved in various transitions that are
partially tuned to the plasmonic structure. However, since n;

is the highest state in the system and the blockade volume
scales as n’, the contribution of these lower states is limited.
Finally, to estimate the input power, one can use

Py, = ExmnV, (B9)

where E, is the energy of a single exciton, 7o = 1/(I'z + y21)
is its lifetime, and V is the emission volume (in our case, a
single groove/cavity). Therefore, the output power and con-
version efficiency (ratio of output to input power) are highly
complex functions of exciton lifetime, energy, dipole density
of specific transition, and Purcell factor of the cavity.
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